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PeroxiredoxinsEndothelial cells in the vascular system are constantly subjected to the frictional force of shear stress due to the
pulsatile nature of blood ﬂow. Although several proteins formpart of the shear stressmechano-sensing pathway,
the identiﬁcation ofmechano-transducing pathways is largely unknown. Given the increasing evidence for a sig-
naling function of mitochondria in endothelial cells, the aim of this study was to investigate their role as
mechano-sensor organelles during laminar shear stress (LSS). We demonstrated that LSS activates intracellular
signaling pathways that modulate not only mitochondrial dynamics but also mitochondrial function. At early
time points of LSS, the ﬁssion-related protein Drp1was recruited from the cytosol tomitochondria and activated
mitochondrial ﬁssion. LSS-dependent increase in intracellular Ca2+ concentration was indispensable for mito-
chondrialﬁssion. As alterations inmitochondrial dynamics have been related to changes in bioenergetics proﬁles,
we studied mitochondrial function after LSS. We found that LSS decreased respiration rate, increased mitochon-
drialmembrane potential and promoted themitochondrial generation of ROSwith the subsequent oxidation and
activation of the antioxidant enzymePRX3. Our data support a novel and active role formitochondria in endothe-
lial cells as active players, able to transduce themechanical force of shear stress in the vascular endothelium into a
biological response.4 911964420.© 2014 Elsevier B.V. All rights reserved.1. Introduction
Laminar shear stress (LSS) is a fundamental force governing homeo-
stasis of the vasculature. Physiologically, it is originated by blood ﬂow
and triggers mechanical stimuli, which are sensed by the endothelial
cells and transduced into biological and chemical effects. The cellular
and molecular constituents of mechanotransduction have been the
object of intense research and excellent reviews [1]. According to pro-
posed models there are specialized structures in mechano-transmission
(adhesion receptors,membraneproteins such as integrins, cytoskeleton),
mechano-sensing (calcium channels, ﬁbronectin, talin, vinculin, confor-
mational changes of speciﬁc proteins) and mechano-responses (focal
adhesion strengthening, MAPKs signaling, transcriptional activation). It
is probably fair to state that this division is the result of needed reduction-
ism in order to understand a highly complex, dynamic and coordinated
process.
Endothelial cells have been considered for years as essentially de-
pendent on anaerobic glycolysis to satisfy their energy requirements[2,3]. While the primary role of mitochondria inmost cells is to produce
ATP by oxidative phosphorylation (OXPHOS) [4], during the past few
years several studies have highlighted the importance of mitochondria
in cell signaling [5], sustaining thatmitochondrial biogenesis is essential
for endothelial homeostasis [6,7] and that mitochondria play key roles
in critical processes such as maintenance of vasomotor tone [8], angio-
genesis [9] and autophagy [10], or redistribution of oxygen, the latter
mediated by the interaction between NO• and cytochrome C oxidase
[11]. Mitochondria are highly dynamic organelles in endothelial cells,
and they play a primary function in signaling cellular responses to dif-
ferent environmental cues. Althoughmitochondria have been described
to participate in ﬂow-induced ROS production [8], laminar shear stress
involvement in mitochondrial redox signaling through the activation
of speciﬁc ROS targets are incompletely understood.
Redox signaling, mediated by ROS, has been established as a key
mechanism regulating many intracellular pathways leading to a pano-
ply of responses involved in such diverse events as extracellular matrix
remodeling [12], apoptosis [13], wound healing [14], proliferation [15]
and inﬂammation [16]. The sources for ROS generation are manifold,
including specialized enzymes such as NADPH oxidases (NOXs) [17]
and the mitochondrial electron transport chain (ETC) [18].
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subserving a signaling role, due most likely to its ability to penetrate
through hydrophobic environments and travel along interorganelle
distances [19,20]. H2O2 targets protein thiols, most of them bearing
low pKa at physiological pH, by promoting subsequent oxidations to
sulfenic, sulﬁnic and sulfonic moieties [21]. These oxidations underlie
functional changes of the affected proteins and even when a complete
understanding of the whole picture is lacking, examples such as the
regulation of redox-sensitive phosphatases are becoming increasingly
accepted as a paradigm for this type of signaling. Among the enzymes
naturally selected to respond to peroxide are peroxiredoxins (PRXs), a
family of antioxidant proteins with exquisite afﬁnity for H2O2, based
upon a very high constant rate of reaction [22]. PRXs are able to scav-
enge and control the ﬂux of ROS, thus avoiding the toxic effects derived
from an excess of ROS.
We recently reported that NOX4 is activated in endothelial cells
under conditions of LSS and that the subsequent generation of H2O2
leads to the activation of p38 MAPK and synthesis of NO• [23]. We
have now focused on immediate and early responses to LSS-mediated
activation of redox signaling responses. We observed that LSS rapidly
promotes changes inmitochondrial morphology, favoringmitochondri-
al ﬁssion by a calcium-dependent activation of Drp1. This disruption of
themitochondrial tubular network is accompanied by profound chang-
es in endothelial bioenergetics, an increment inmitochondrial ROS gen-
erated by the ETC, and the subsequent activation of the antioxidant
protein peroxiredoxin 3, located exclusively inside mitochondria.
2. Materials and methods
More detailed methods are described in Supplementary material.
2.1. Reagents
Fetal bovine serum (FBS)was purchased fromHyClone Laboratories.
Tetramethylrhodamine, methyl ester, perchlorate (TMRM), Mitosox,
Mitotracker probes and Lipofectamine 2000 were obtained from
Invitrogen. Protease inhibitor cocktail tablets were purchased form
Roche. Hydrogen peroxide, PEG-catalase, glucose oxidase (GO), horse-
radish peroxidase, 2, 2′-azino bis (3 ethylbenzthiazoline-6-sulfonic),
Mdivi-1, N-ethylmaleimide (NEM), collagenase type I and gelatin were
from Sigma. Polyclonal antibodies PRX1-4 and PRXSO2/3 was from Ab-
frontiers, polyclonal DLP1 antibody was from BD-Transduction Laborato-
ries, polyclonal CuZnSOD antibody was from Santa Cruz Biotechnology,
monoclonal MnSOD antibody was from Assay Design, monoclonal com-
plex II antibody was from Invitrogen and monoclonal antibody β-actin
was from Roche.
2.2. Cell culture and transfection
Bovine aortic endothelial cells (BAEC), human umbilical vein endo-
thelial cells (HUVEC) and murine lung endothelial cells (MLEC) were
obtained and cultured as previously described [23]. Endothelial cell iso-
lation is fully described in supplementary information. Bovine aortas
were obtained from an authorized slaughterhouse. HUVECwere obtain-
ed from umbilical cords of normal deliveries (after approval by the
ethics committee of the Hospital “Ruber Internacional”) and in agree-
ment with the principles outlined in the Declaration of Helsinki. All
studies were done after cell starvation overnight. Mdivi-1was dissolved
in dimethyl sulfoxide (DMSO) and stored at−20 °C. Where indicated,
dimethyl sulfoxide 0.1% (v/v) was used as the control vehicle. Endothe-
lial cells were transfected with 40 nM siRNA using Lipofectamine 2000
(0.15%, v/v), following the protocol provided by the manufacturer.
After 6 h, Lipofectamine 2000 was removed and fresh medium contain-
ing 10% FBSwas added. PRX3 expressionwas detected 48 h later to ver-
ify its knockdown. After drug or LSS treatment, western blot analysis
was performed as described in supplementary methods.2.3. Flow experiments
Endothelial cells were exposed to physiological levels of steady lam-
inar shear stress (12 dyn/cm2) along various periods. Flow experiments
were performed in serum-freemedium after overnight starvation using
two different methodologies. The well characterized cone-and-plate
system [24] was used to analyze shear stress effects on endothelial
protein activation. Ibidi pump system (Integrated BioDiagnostics,
Germany) was used for immunoﬂuorescence protocols and for analyz-
ing shear stress responses in live cell imaging. Non-sheared cells were
used as a static control.
2.4. Western blot analysis
After cell treatments western blot analysis was performed as
described in the supplemental material.
2.5. Mitochondrial ROS detection
After exposure to either static or laminar ﬂow conditions, endotheli-
al cells were incubated for 20 min at 37 °C in humidiﬁed air (5% CO2)
with 5 μM Mitosox probe in HBSS. After incubation, ROS production
was analyzed by ﬂow cytometry using an FL3 channel.
2.6. Enzymatic generation of hydrogen peroxide ﬂuxes by glucose oxidase
Glucose oxidasewas used as a steady generator of H2O2. The detailed
protocol is described in supplementary information.
2.7. Identiﬁcation of reduced and oxidized forms of PRX3 by immunoblot
analysis
After stimulation, cellswere scraped into RIPA lysis buffer containing
40mMNEM. Sampleswere subjected to SDS-PAGE under non-reducing
conditions, and transferred electrophoretically to a nitrocellulose mem-
brane. The membrane was then subjected to immunoblot analysis with
the PRX3 antibody.
2.8. Subcellular fractionation
Following experimental treatment, cells were washed once with PBS,
trypsinized and resuspended in buffer A (150 mM KCl, 25 mM Tris–HCl,
2 mM EDTA, 0.1% BSA, 10 mM KH2PO4, 0,1 mMMgCl2, pH 7.4). Samples
were treated with digitonin (8 mg/ml) for 1 min, and centrifuged for 1
min at 6000 rpm. The resulting pellet is an enriched mitochondrial frac-
tion, while the supernatant corresponds to the soluble cytosolic fraction.
Both fractions were resuspended and diluted respectively in RIPA lysis
buffer.
2.9. Immunoﬂuorescence staining
To identify mitochondria, cells were incubated with 0.5 μM
Mitotracker DeepRed FM (Molecular Probes) in HBSS for 30 min at
37 °C prior to LSS induction. Endothelial cells were then ﬁxed with 2%
paraformaldehyde for 15 min. Nuclei were labeled with DAPI staining
in PBS for 5 min at room temperature.
2.10. Blue native electrophoresis
Cells were exposed to different time points of LSS and collected after
trypsinization. Pelletswere resuspended in 8 mg/ml digitonin in PBS for
10min in ice. Samples were centrifuged for 5min at 10,000 ×g and pel-
lets were resuspended in ice-cooled 1.5 M aminocaproic acid, 50 mM
Bis–Tris/HCl pH 7 and 10% digitonin for 5 min. Samples were centri-
fuged at maximum speed for 30 min at 4 °C and digitonin-solubilized
mitochondrial protein was run through Blue Native (BN) gradient gels
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onto polyvinylidene diﬂuoridemembranes and probedwith speciﬁc an-
tibodies. The site of the observed oligomeric conformations was deter-
mined by their relative migration compared with OXPHOX complex II.
2.11. Transmission electron microscopy (TEM)
After exposure to either static or laminar ﬂow conditions, endotheli-
al cells were ﬁxed with 2% paraformaldehyde, 2% glutaraldehyde and
processed and analyzed by transmission electron microscopy.
2.12. Mitochondrial membrane potential (ψm)
Mitochondrial membrane potential was determined by incubating
the cells with the ﬂuorescent dye tetramethylrhodamine methyl ester
(TMRM). Endothelial cells were incubated with 0.1 μM TMRM for
10 min in HBSS at 37 °C and subsequently analyzed by ﬂow cytometry
using an FL2 channel.
2.13. Mitochondrial respiration rate
Oxygen consumption rates were determined in endothelial cells in
suspension by high-resolution respirometry with an oxygen electrode
(Oxygraph-2k) and in attached cells using XF-24 Extracellular Flux
Analyzer (Seahorse Bioscience). After LSS induction, endothelial cells
were seeded at a density of 100,000 cells per well in 24 well plates
designed for respirometry analyses and previously coated with BD Bio-
sciences Cell-Tak™ Cell Adhesive. OCR was determined in assay medi-
um lacking serum and bicarbonate.
2.14. Estimation of the rate of glycolysis
Rate of aerobic glycolysis was estimated by two different methodol-
ogies. Enzymatic determination of lactate was determined in 100 μl
aliquots of culture media collected before and after LSS induction as
described [25]. Extracellular acidiﬁcation rate (ECAR), a proxy for the
rate of lactate efﬂux in the extracellular medium, was measured using
the XF-24 Extracellular Flux Analyzer (Seahorse Bioscience). After LSS
induction, endothelial cells were seeded at a density of 100,000 cells
per well in XF-24 plates previously coated with the cell adhesive
Cell-Tak™ (BD Biosciences). ECAR determinations were done under
basal conditions and after addition of 1 μM oligomycin to estimate the
maximal rate of lactate formation [26]. ECAR is expressed as milli-pH
(mpH) units representing the change in pH per min.
2.15. Measurement of [Ca2+]i
Endothelial cells were loaded with 5 μM Fura-2 AM and 50 μM
pluronic acid for 40 min at 37 °C in calcium-free HCSS (120 mM NaCl,
0.8 MgCl2, 25 mM Hepes, 5.4 mM KCl, 25 mM glucose), and then
washed for 20min in HCSS buffer plus 2 mMCaCl2. Fura-2 ﬂuorescence
was imaged ratiometrically using alternate excitation wavelengths of
340 and 380 nm, and a 510 nm emission ﬁlter with a 40× objective in
an Axiovert 75 M microscope (Zeiss) during LSS. Ratio measurements
were converted to Ca2+ concentrations as described [27].
2.16. Measurement of the adenine nucleotide levels
AMP, ADP and ATP levels were determined by reverse-phase HPLC
using a C18 column (Mediterranea SEA 18, Teknokroma, Sant Cugat,
Spain) as previously described [28]. Brieﬂy, cells were washed with
cold PBS and quenched with 660 mM HClO4 and 10 mM theophylline.
Extractswere homogenized and centrifuged for 15min at 16,000×g, su-
pernatants were neutralized using 2.8 M K3PO4 and samples stored at
−80 °C until HPLC assay. External standards were treated in the same
way as the samples.2.17. Gene-modiﬁed mice
Nox4-null mice were generated by targeted deletion of the transla-
tion initiation site and exons 1 and 2 of the gene and backcrossed into
C57/Bl6J as previously described [29]. Mice were anesthetized by
injecting (i.p) 180 mg/kg of animal weight of ketamine and 13 mg/kg
animal weight of xylazine, and constantly monitored by veterinarian
surveillance of reﬂex absence. Animals were euthanized in a gradually
ﬁll type CO2 chamber or by cervical dislocation.
Animals were handled in agreementwith the Guide for the Care and
Use of Laboratory Animals contained in Directive 2010/63/EU of the
European Parliament. Approval was granted by the local ethics review
board of Centro de Biología Molecular “Severo Ochoa”.
2.18. siRNA design and transfection
Wedesigned small interfering RNA duplex oligonucleotides targeting
constructs for the speciﬁc knockdown of peroxiredoxin 3 (sense: 5′-
CUACGCGGUCUCUUCAUAAtt-3′; antisense 5′ UUAUGAAGAGACCGCG
UAGUG-3′). siRNA constructs were purchased from Ambion.
2.19. Image processing
All image processing was performed with the program ImageJ 1.42
(http://rsb.info.nih.gov/ij).
2.20. Statistical analysis
Bar graph data are expressed as means ± SEM. For all quantitative
data collected, statistical analysis was assessed by an independent t
test or appropriate non-parametric tests of at least three experiments.
The GraphPad Prism software version 5 was used. In experiments
involving multiple comparisons, ANOVA was used; a p value of less
than 0.05 was considered statistically signiﬁcant.
3. Results
3.1. LSS causes a profound disruption of the mitochondrial tubular network
Mitochondrial morphology is maintained under dynamic movement
with a balance between fusion and ﬁssion in response to the cellular
environment in different cells types [30]. In endothelial cells, current ev-
idence supports thatmitochondrial dynamics are relevant for endothelial
function, and that this is altered in patients with cardiovascular risk fac-
tors [6]. To study the involvement ofmitochondria in laminar shear stress
effect on the endothelium,weﬁrst determined ifmitochondrialmorphol-
ogywas affected.We exposed cultured endothelial cells to different early
time points of physiological LSS (12 dyn/cm2) and studiedmitochondrial
dynamics. As early as 5 min after LSS exposure, we detected profound
morphological changes in the tubular mitochondrial network and in mi-
tochondrial shape (Figs. 1A and S1). This mitochondrial fragmentation
and punctate distribution observed by ﬂuorescence microscopy was as-
sociated with an increased shortening in mitochondrial size as corrobo-
rated by EM (Fig. 1B). The latter was performed by measuring the
wider diameter of 150 randomly selected mitochondria under static or
LSS induction, and calculating the frequency occurrence of each length
(200–1200 nm) in the aforementioned conditions.
3.2. Mitochondrial ﬁssion induced by LSS depends on Drp1 activity and
extracellular calcium
As this mitochondrial pattern was highly suggestive of enhanced
mitochondrial ﬁssion, we sought to conﬁrm its presence by addressing
the activation of the main protein able to mediate mitochondrial ﬁssion
in mammalian cells, the Dynamin-related protein-1 (Drp1). To study if
Drp1 could be involved in LSS-mediated mitochondrial fragmentation,
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Fig. 1. LSS causes a disruption of the tubular mitochondrial network. (A) Conﬂuent BAEC were incubated for 30 min with 0.5 μM Mitotracker Deep Red before LSS induction. Cells
were ﬁxed with 2% paraformaldehyde. Representative single-cell images of three independent experiments are shown. (B) Conﬂuent BAEC were exposed to LSS for 15 min, ﬁxed with
2% paraformaldehyde–2% glutaraldehyde and analyzed by electron microscopy (EM). Representative images obtained from EM cross-sections in BAEC monolayers are shown. Bar
graph represents EM analysis of different random 2D sections from three independent experiments (more than 150 mitochondria quantiﬁed for each condition).
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plasmic fractions. As shown in Fig. 2A subcellular fractionation of
HUVEC evidenced an increase in Drp1 in enriched mitochondrial
fractions in the presence of LSS, suggesting transient mitochondrial
Drp1 recruitment necessary for the initiation of the process of ﬁssion.
The absence of changes in Drp1 cytosolic expression during LSS is prob-
ably due to the abundance of the protein and the fact that just a small
percentage of Drp1 is transiently recruited to the outer mitochondrial
membrane. The phenomenon of ﬁssion was clearly dependent upon
Drp1 activation, as the use of the speciﬁc Drp1 inhibitor (Mdivi1), signif-
icantly abrogatedmitochondrial fragmentation induced by LSS (Figs. 2B
and S2A). As the activation of Drp1 by Ca2+ [31,32] and the effect of
shear stress on intracellular Ca2+ transients [33] are well established
observations, we next explored the calcium dependency of mitochon-
drial ﬁssion under LSS conditions. As shown in Fig. 2C we corroborated
that LSS promoted an increment in Ca2+ uptake which was completely
abolished by the absence of calcium in the culturemedium [34], andwe
demonstrated that mitochondrial ﬁssion critically depends on extracel-
lular calcium concentration as evidenced by the use of Ca2+-free buffers
(Figs. 2D and S2B), in which mitochondrial ﬁssion induced by LSS was
completely abrogated.
3.3. LSS alters mitochondrial bioenergetic proﬁle
Changes in mitochondrial dynamics are closely related to the bioen-
ergetics status and energy production [35–37], and previous studies
have demonstrated that shear stress is able to inactivate the respiratory
complexes [38,39]. Thus, we proceeded to evaluate if early time points
of LSS modiﬁed mitochondrial function.
We demonstrated that exposure to LSS was associated with a
moderate reduction in oxygen consumption as detected by two differ-
entmethodologies (Fig. 3A). This decrement inmitochondrial respirato-
ry rate promoted by LSS was not accompanied by a compensatory
increase in the rate of glycolysis (Fig. 3B left panel and black bars inright panel). Inhibition of mitochondrial ATP formation with oligomycin
in endothelial cells displayed a modest stimulation of glycolysis (ca.
30%) (Fig. 3Bwhite bars) that appears sufﬁcient to maintain the cellular
ATP levels (Fig. S3). These observations support the previously de-
scribed notion that endothelial cells are mainly glycolytic cells and
that their mitochondria are probably playing an important role in the
intermediate metabolism or as signaling organelles, while they do not
appear to be critical as providers of cellular energy [5]. Of note, although
endothelial cells synthesize ATPmainly through glycolysis, ATP produc-
tion did not completely collapse until both, glycolysis andmitochondrial
respiration, were inhibited (Fig. S3). This result suggests that, despite in
endothelial cells mitochondria are believed to function primarily as sig-
nalingmolecules, they can respond to extreme energy demands such as
that posed by the glycolysis inhibitor 2-DOG (Fig. S3 lower panel)which
would leave cell energetic requirements at the sole expense of
mitochondria.
As early as 15 min after LSS exposure, we detected a signiﬁcant
increment in mitochondrial membrane potential (ΔΨm) (Fig. 3C) in
consistence with the observed augmented mitochondrial ROS levels
(Fig. 3D). The latter most likely originated as a by-product of OXPHOS,
since the decrease in the rate of electron ﬂow prolongs the lifespan of
reactive intermediates within complex I or III [40]. Although the prima-
ry ROS produced in the mitochondria is the superoxide radical anion
(O2•−) as a result of the leakage of single unpaired electrons, this species
is dismutated rapidly to H2O2, a well established intracellular messen-
ger [6,41].
In order to characterize the earliest redox responses to LSS in endo-
thelial cells, we focused on the activation of the hydrogen peroxide sen-
sors with the highest known kinetic rate of reaction, peroxiredoxins [19].
3.4. LSS promotes PRX3 activation through mitochondrial ROS increase
Peroxiredoxins (PRXs) comprise a family of six isoforms inmammals,
of which PRXs 1–4 are considered typical enzymes in the sense that their
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be considered a footprint of the reactionwith peroxide and is assimilatedto activation [42]. Although an upregulation of PRX1 has been described
at long-term shear exposure [43], peroxiredoxin activation by H2O2 dur-
ing early time points of shear stress has not been previously described.
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gen peroxide were able to promote 2-Cys PRXs dimerization in HUVEC
(evident in PRX2, PRX3 and PRX4 but undetectable in PRX1 probably
due to inability of the antibody to detect the dimer formation). Never-
theless, concentrations of H2O2 beyond the physiological range were as-
sociated with an irreversible inactivation of PRXs by over-oxidation of
their catalytic cysteine (Fig. S4B). Of note, although PRX-SO2/3 antibody
can detect either the sulﬁnic or the sulfonic acid state of any PRXs, its
higher afﬁnity towards the sulfonic formmakes it a useful tool to recog-
nize the hyper-oxidation of any of them.
We then studied if LSS was able to inactivate PRXx by inducing the
overoxidation of their catalytic cysteines. As shown in Fig. 4A, LSS
does not induce PRXs sulfonic oxidation, reinforcing the notion that
levels of H2O2 generated by LSS lie within a signaling range [23]. How-
ever, experiments conducted in HUVEC demonstrated that LSS was
able to induce an evident dimerization of PRX3. Althoughwedid not ob-
serve signiﬁcant dimerization in any of the other 2-Cys PRXs, further
studies would be needed to completely discard their activation during
laminar ﬂow (Fig. 4B). PRX3 is the unique 2-Cys PRX exclusively located
inside the mitochondria [22] and its dimerization might indicate that
this PRX isoform is exquisitely and selectively sensitive to LSS-induced
increased levels of H2O2. PRX3 activation was corroborated in other en-
dothelial cell types such as MLEC and BAEC (Fig. S5). Like in other 2-Cys
PRXs, different oligomeric states have been described for PRX3, ranging
from dimers to complex quaternary structures consisting of up to
twelve monomers [22,44]. Native gel electrophoresis conﬁrmed that
in endothelial cells at least three different oligomeric conformations of
PRX3were detected, but none of themwas disassembled as dimers dur-
ing LSS, suggesting PRX3 oxidation and disulﬁde bond formation occur
within this superstructure (Fig. 4C).3.5. PRX3 activation is spatially dependent
In spite of being a highly diffusible molecule, H2O2 preferentially re-
acts with proteins present in the same organelle where it is produced
[45]. To investigate the potential regulatory role of the topological con-
ﬁnement of mitochondrial H2O2 generation in PRX3 activation, we spe-
ciﬁcally induced ROS production by using inhibitors of mitochondrial
ETC complexes known to actively participate in O2•− generation. Both
rotenone (Complex I inhibitor) andmyxothiazol (Complex III inhibitor)
induced an increase in ROS production and the subsequent PRX3 activa-
tion in the absence of LSS (Fig. 5A). NOX4 has been described in mito-
chondria [46] and we have previously described its role during
laminar ﬂow [23]. Hence, we tested if the genetic deletion of NOX4
could inﬂuence LSS-induced PRX3 dimerization. Experiments per-
formed in MLEC from NOX4 null mice ruled out the participation of
this enzyme in the origin of ROS, as dimerization of PRX3was not signif-
icantly impaired in null animals compared with wild-type ones
(Fig. 5B). Likewise, pre-incubation of endothelial cells with the antioxi-
dant PEG-catalase before LSS induction failed to abrogate PRX3 activa-
tion (Fig. 5C). We interpret that the extremely high kinetic reaction
rate of PRX3with H2O2 does not favor reversibility by the use of general
antioxidant reagents that react with peroxide at signiﬁcantly lower
rates [21,47].3.6. LSS-induced changes in mitochondrial function are independent from
PRX3 activation
Since mitochondrial fragmentation can also be induced after expo-
sure to ROS [48], we asked if the absence of the antioxidant function
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Fig. 4. LSS induces PRX3 activation. (A)MLECwere exposed to laminarﬂowandPRXoveroxidationwasdetectedby theuse of a speciﬁc antibody against overoxidizedperoxiredoxins (PRX
SO2/3). 100 μMH2O2 (H) for 30min was used as positive control. The immunoblot shown is representative of three independent experiments with equivalent results. (B) HUVEC lysates
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laminar ﬂow. We then studied mitochondrial dynamics after knocking
down PRX3 in endothelial cells (Fig. 6A, right panel). As shown in
Fig. 6A, an increased disruption of the mitochondrial network was also
evident in these conditions, while the absence of PRX3 did not modify
LSS-mediated recruitment of Drp1 to the mitochondria (Fig. 6B). As
expected, PRX3 knockdown did not interfere with the increase in mito-
chondrial membrane potential observed after LSS induction (Fig. 6C).
4. Discussion
Mitochondria are considered to be a causative factor in the patho-
physiology of most cardiovascular diseases and thus they represent a
promising target for therapeutic interventions [4]. Our study explored
the role of mitochondria as organelles capable of sensing mechanical
forces during laminar ﬂow in endothelial cells. Our data support that
these forces, promoted by shear stress, involvemitochondrial responses
that may contribute to the maintenance of vascular homeostasis and
endothelial function. We propose a model in which changes of free
cytosolic calcium concentration promoted by shear stress induce theactivation of Drp1 and its translocation to the outer mitochondrial
membrane initiatingmitochondrial ﬁssion. This effect onmitochondrial
dynamics is accompanied by a decrease in mitochondrial respiration
rate, an increment in mitochondrial membrane potential and an
increase in ROS production, faithfully reﬂected by PRX3 activation.
Inmammalian cellsmitochondria form reticular networks composed
of ﬁlamentous tubules, which constantly move and change shape
through ﬁssion and fusion processes [49]. Mitochondrial ﬁssion and fu-
sion play critical roles in maintaining functional mitochondria when the
cells experience metabolic or environmental stress. While fusion helps
to mitigate stress by mixing the content of damaged mitochondria,
ﬁssion is required to create newmitochondria and contribute to quality
control facilitating apoptosis during high levels of cellular stress [10,30].
It is generally accepted that in response to apoptotic stimuli the mito-
chondrial network collapses undergoing mitochondrial ﬁssion, and
generating fragmented mitochondria [50]. However the presence of
punctate mitochondria does not necessarily indicate that the cell is un-
dergoing apoptosis and cannot be interpreted as a sign of cell death
[51]. Instead, mitochondrial plasticity appears to be a critical determi-
nant of mitochondrial function [52]. In this study we found that under
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2410 R. Bretón-Romero et al. / Biochimica et Biophysica Acta 1843 (2014) 2403–2413LSS induction, dynamic changes in mitochondrial morphology occur,
and mitochondrial networks are conspicuously reorganized into small
punctate spheres, strongly suggesting that enhanced ﬁssion events
were involved (Fig. 1). Mitochondrial ﬁssion depends largely on the
dynamin-related large GTP-ase protein Drp1, which is localizedpredominantly in the cytosol and is recruited to the outermitochondrial
membrane for ﬁssion to occur [53]. Drp1 activation and translocation to
themitochondriamay be post-translationally regulated by sumoylation,
ubiquitination, S-nitrosylation or phosphorylation [54], and is associated
with calcium homeostasis [31]. Under LSS, Drp1 is translocated to
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2411R. Bretón-Romero et al. / Biochimica et Biophysica Acta 1843 (2014) 2403–2413mitochondria, as shown in mitochondrial fractions (Fig. 2), in consis-
tencewith activation of ﬁssion. The effect of shear stress on intracellular
Ca2+ transients has been widely described [33] and themembers of the
transient receptor potential (TRP) family of cation channels have
emerged as important key players in mechanotransduction pathways
during the past decade [55]. Nevertheless whether calcium responses
were linked or not to laminar shear stress-induced changes in mito-
chondrial dynamics is a concept that had not been previously
established to our knowledge.We found that the increase in calciumup-
take associated with laminar ﬂow is essential for the initiation of mito-
chondrial ﬁssion (Fig. 2).
The primary role of mitochondria in most cells is to produce ATP via
OXPHOS [4]. However, vascular endothelial cells are highly glycolytic
and usually cover two-thirds of their energy demands by anaerobic
glycolysis [3,5], supporting mitochondria behave fundamentally as
signaling organelles. Changes in mitochondrial morphology have been
described to regulate, either directly or indirectly, different aspects of
mitochondrial function [56]. Our results conﬁrmed that in endothelial
cells mitochondria are not preferentially used as energy suppliers
since the decrease in oxygen consumption during laminar ﬂow did
not correlate with a change in the ATP levels or with an increment in
anaerobic glycolysis. We found that LSS-decreased respiration rate
was accompanied by hyperpolarization of themitochondrialmembrane
and an increment inmitochondrial ROS production (Fig. 3). Despitemi-
tochondrial ﬁssion has been described to alter the spatial orientation ofthe electron transport chain enzymes promoting uncoupled respiration
and ROS production [57], further studies are needed to clarify how LSS
stimulates mitochondrial ROS production.
Reactive oxygen species have been traditionally viewed as toxic by-
products of cellularmetabolism [58], but there is nowa large body of ev-
idence sustaining the role of ROS as signalingmolecules in physiological
processes in the vasculature [13–15]. A variety of cellular systems are
potential sources of ROS in the endothelium [59]. Although in the con-
text of LSS we and others have previously described the involvement
of NOXs [23,60,61], this study shows that other important sources of
ROS such as the electron transport chain may also be implied in the re-
sponse to laminar ﬂow (Fig. 5).
Peroxiredoxins (PRXs) are highly sensitive enzymatic detectors of
H2O2 and are therefore considered ﬁrst-line antioxidants. We observed
that LSS caused a rapid transition of the monomer to the dimer confor-
mation of PRX3 suggesting an activation of this enzymatic redox sensor
during LSS (Fig. 4). Although an increment in ROS can inducemitochon-
drial fragmentation [48], our results suggest that they are not the cause
of LSS-induced changes in mitochondrial dynamics, since knockdown
of mitochondrial PRX3 did not promote an increase in ﬁssion events
(Fig. 6).
Since mitochondrial ROS are implicated in a variety of diseases such
as cancer, inﬂammatory disorders, and neurodegeneration [62], we be-
lieve that PRX3 behaves as a major ROS sensor in mitochondria, whose
function in these pathologies remains to be explored.
2412 R. Bretón-Romero et al. / Biochimica et Biophysica Acta 1843 (2014) 2403–2413While ﬁssion is considered an adaptive response to several forms of
stress [30], it is also highly likely that ROS production and their neutral-
ization by hydrogen peroxide sensors as PRX3 are also part of this adap-
tation to cellular stress. In the case of LSS, the fact that detected ROS
levels lie within the signaling range confers an additional perspective
to this hormetic response [63], thus linking the processes of adaptation
and physiological signaling.
5. Conclusion
The major and novel ﬁnding of this study is the identiﬁcation of mi-
tochondria as early-sensors of mechanical forces and the identiﬁcation
of PRX3 as an immediate redox sensor during LSS. Given the importance
of hydrogen peroxide as a secondmessenger for signaling purposes, our
data contribute to establish mitochondria in endothelial cells as active
players, able to transduce the mechanical force of shear stress into a bi-
ological response. Further investigations are necessary to determine the
role of PRX3 activation in the protective effect of LSS in endothelial
function.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamcr.2014.07.003.
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